This study sets out a methodology for estimating a city's potential seismic risk. This methodology, which considers all phases of an earthquake disaster, is based on regional characteristics that are derived from macro-information such as topography, climate, location of active faults, regional building types and their seismic capacity, experience of past earthquake disasters, inter-city traffic systems, and accessibility from neighboring cities, as well as from the micro-information presently used in current methodologies such as soil and building conditions, open areas, fire-resistant buildings, and building-to-land ratios. This methodology was applied to typical cities in Japan. The degree to which this methodology was able to accurately assess the potential seismic risk and earthquake disaster patterns for these cities are also discussed herein.
INTRODUCTION
Japan has experienced many large earthquakes, including the 1923 Great Kanto Earthquake. Various schemes for assessing seismic risk have been developed and applied to numerous cities, especially after the 1995 Hyogoken-Nambu Earthquake. Existing Japanese seismic risk assessment methodologies, in the main, consider regional characteristics such as soil conditions, building conditions, open areas, fire-resistant buildings, and building-to-land ratios from a micro-point of view. When a very large area is assessed, such as a large metropolitan area, the area is subdivided in order to estimate quantitatively the post-earthquake damage to the built-up environment immediately after an event. However, the 1995 Hyogoken-Nambu Earthquake revealed that the methodologies in use were not adequate for the task of estimating real seismic risk. The event also revealed that an earthquake disaster in a city involves more than just the phase of post-earthquake damage to the built-up environment immediately after the event; there are subsequent phases of damage that are dependent on human activities, such as, for example, inter-and intra-city rescue activities in the emergency response period and reconstruction in the mid-to long-term period following the earthquake. These phases are affected by regional characteristics derived from macro-information, such as topography, climate, location of active faults, regional building types and their seismic capacity, experience of past earthquake disasters, the background history of urban development, inter-city traffic systems, and accessibility from neighboring cities, as well as from the micro-information presently used in current methodologies.
The phases that are dependent on human activities and the interrelationship of these human activities to regional characteristics have not been fully considered in the current methodologies primarily because these considerations go beyond the micro-perspective utilized in these methodologies. Therefore, in order to assess a city's seismic risk, and to utilize this information for the rational implementation of earthquake preparedness measures in the future, it is necessary to develop a new methodology that considers all damage phases of an earthquake disaster. These phases are related to time-dependent patterns that are based on regional characteristics derived from both macro-and micro-information.
This study proposes a methodology for qualitatively estimating a city's potential seismic risk. This methodology, which considers all phases of an earthquake disaster, is based on a city's regional characteristics that are derived from both macro-and micro-information. Typical cities in Japan were selected and their potential seismic risk was estimated according the above methodology. In order to verify the applicability of the proposed methodology, the relationships between the estimated potential seismic risk and the damage caused in districts of Kobe during the 1995 Hyogoken-Nambu Earthquake are investigated. Furthermore, this study sets out an earthquake disaster pattern for the cities investigated here in order to provide basic information useful for the implementation of countermeasures against future earthquakes.
In this paper, regional characteristics that are common to several cities, and sometimes to prefectures, such as wind maps, active faults maps, seismic risk maps, and snow maps, are referred to as macro-information, while regional characteristics that are localized to some part of a city, such as the soft soil ratio, number of wooden buildings, and number of open spaces, are referred to as micro-information.
CRITERIA FOR EVALUATING POTENTIAL SEISMIC RISK AND THE
CLASSIFICATION OF RELATED REGIONAL CHARACTERISTICS Fig. 1 shows the relationships between an earthquake disaster and interactive effects, based on phenomena related to typical damage caused by earthquakes in Japan. As shown in Fig. 1 , an earthquake disaster involves not only the immediate post-earthquake phase of damage to the built-up environment, but also time-dependent phases of damage based on human activities. Especially in the 1995 Hyogoken-Nambu Earthquake, some damage phases of earthquake disaster such as difficulties with inter-and intra-city rescue activities in the emergency response period, and mid-to long-term reconstruction phases are pointed out (AIJ 1995 , NBPC 1995 , and AIJ 1997 . An earthquake disaster is a complex event, involving many phenomena, as shown in Fig. 1 . In this study, in order to simplify the subsequent discussion, we derive typical phenomena that are related to earthquake disasters. These are shown in italics in Fig. 1 , and are integrated from various phenomena within each time-dependent pattern. Based on these derived phenomena, we determined criteria to evaluate the potential seismic risk to cities. These are underlined in the following four phases.
Phase 1, Before an earthquake: Risk of Seismic Activity (R SA ) Phase 2, Immediately after an earthquake: Risk of Damage to Buildings (R DB ), Risk of Fire (R F ), and Risk of Refuge Difficulties (R RD ) Table 1 (a)-(d) shows the regional characteristics related to the potential seismic risk (R SA , R DB , R F , R RD , D IAR , D IRR , and D BR ) of cities in Phases 1 through 4 described above. Each characteristic that appears in Table 1 was derived from macro-information, which refers to regional characteristics that are common to several cities or even to several prefectures, and micro-information, which includes features localized to some part of a city. These characteristics were derived from records of past earthquake disasters in Japan (Usami 1996 ), including the 1891 Nobi, 1923 Kanto, 1968 Tokachi-oki, 1978 Miyakiken-oki, and 1995 Hyogoken-Nambu earthquakes. As shown in Table 1 , the potential seismic risk is closely related to various regional characteristics derived from both macro-information and micro-information. Fig. 2 shows the procedures used to assess potential seismic risk. These consider regional characteristics derived from macro-and micro-information. The methodology used to evaluate the potential seismic risk to a city consists of Steps 1 through 5, as follows:
METHODOLOGY FOR ASSESSING POTENTIAL SEISMIC RISK
Step 1, Assemble statistical data related to regional characteristics: Statistical and field surveys are used to obtain informative data on regional characteristics for each city that are related to the potential seismic risk, as shown in the last column of Table 1 (Detailed data).
Step 2, Use principal component analysis to calculate statistical values: In this step, in order to calculate the statistical values (i.e., principal component, eigenvalue, proportion, accumulated proportion, and factor loading) related to the potential seismic risk (i.e., R SA , R DB , R F , R RD , D IAR , D IRR , and D BR ), principal component analysis (Okuno 1971) is carried out using the data obtained in Step 1.
Step 3, Categorize principal components and determine factor scores: Using the statistical values calculated in Step 2, categorize the principal components. Then the factor score (FS in Fig. 2 ) of each city is calculated from the principal components. Principal components with an eigenvalue, accumulated proportion, and factor loading exceeding 1.0, 80%, and 0.8, respectively, are classified together.
Step 4, Cluster the cities: The cities are then clustered using Eq. (1) and the factor score calculated in
Step 3. The city with the highest factor score in each category is classified as CL (class value)=10, and the city with the lowest factor score in each category is classified as CL (class value)=0.
where CL(t,n) is the class value of each city [0 < CL(t,n) < 10], FS t (n) is the factor score of each city in each category (t), MFS t (n) is calculated using Max{FS t (n) -Min[FS t (n)]}, t is the category number, and n is the city ID.
Step 5, Score and group each city: The scores of each city are calculated using Eq. (2). ]: Ratio of buildings abutting on a road less than 4-m wide * Regional characteristics related to micro-information.
where R(n) or D(n) is the score of potential seismic risk, i.e., R SA , R DB , R F , R RD , D IAR , D IRR , and D BR , which range as follows: (t,n) is the class value of each city in Step 4, t is the category number, and T is the total number of categories. Table 2 shows the procedure used to group cities. In this study, cities with a potential seismic risk score of R or D in the range of Eq. (3) are classified in the mean group, or group-(0):
where M and S d represent the mean value and standard deviation of the potential seismic risk score of all the cities investigated. When a city has a potential seismic risk of R or D that is higher or lower than that of the mean group, it is classified as shown in Table 2 . RC 1 (n), RC 2 (n), RC 2 (n), ....... , RC P (n) RC p (n):Regional characteristics, n: City ID p: Number of regional characteristics Step 3
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ESTIMATING POTENTIAL SEISMIC RISK

Cities and Wards Investigated
Twenty-nine typical cities in Japan, including the Kobe districts damaged during the 1995 Hyogoken-Nambu Earthquake, were selected in this study as shown in Fig. 3 . Among the selected cities, ward levels for twelve Ordinance-Designated-Cities (i.e. 141 wards) and city levels for the others (i.e. 17 cities) as shown in figure were investigated for estimating their potential seismic risks, respectively.
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Relationship between Estimated Potential Seismic Risk and Damaged Cities
In order to evaluate the accuracy of the estimated potential seismic risk in this study, the relationship between the estimated potential seismic risk and the actual damage observed in Kobe, Nishinomiya, Ashiya, and Takarazuka (Maximum seismic intensity VII on the JMA scale) during the 1995 Hyogoken-Nambu Earthquake (AIJ 1995) was investigated. The potential seismic risks studied were (1) Risk of Damage to Buildings (R DB ), (2) Risk of Fire (R F ), and (3) Difficulty with Building Reconstruction (D BR ); the results for R DB and R F for Kobe, Nishinomiya, Ashiya, and Takarazuka were compared with the observed damage (Kobe City 1997 and JNLA 1996) , and the D BR for Kobe was compared with the observed reconstruction ratio (AIJ 1997) . The relationships between the damage to buildings, or the reconstruction ratio, and the estimated potential seismic risk, (1) R DB , (2) R F , and (3) D BR , are shown in Fig. 4(a) -(c), respectively. These figures show that the wards and cities in which the 1995 Hyogoken-Nambu Earthquake caused greater damage or a lower reconstruction ratio, have a higher potential seismic risk. The methodology proposed in this study compares reasonably well with the observed evidence.
Results of Risk Estimation for Typical Cities in Japan
The potential seismic risk of the Japanese cities and wards shown in Fig. 3 was estimated using the proposed methodology. Tables 3(a)-(f) show the estimated potential seismic risk, i.e., R SA , R DB , R F , R RD , D IAR , D IRR , and D BR in Tables 3(a)-(f) respectively, of the cities and wards studied in Phases 1 to 4, i.e., twenty-nine cities and 141 wards in Japan. As shown in Table 3 (a) , the detailed data related to R SA and D IRR,, shown in Table 1 , were neglected when clustering wards to simplify the analyses, since these data were not available for every ward. The following results were obtained:
1. Nishinari Ward, Osaka, was classified as belonging to group-(6) with respect to Risk of Damage to Buildings, to group-(7) with respect to Risk of Fire, and to group-(6) with respect to Difficulty with Building Reconstruction; it had the highest potential seismic risk of all the cities investigated. (c) Relationship between D BR and the reconstruction ratio of buildings (AIJ 1997) Fig. 4 Relationships between the estimated potential seismic risk (R DB , R F , and D BR ) and damage observed in districts of Kobe damaged in the 1995 Hyogoken-Nambu Earthquake 2. Chiyoda Ward, Tokyo, was classified as belonging to group-(-2) with respect to Risk of Damage to Buildings, to group-(-2) with respect to Risk of Fire, to group-(-4) with respect to Risk of Refuge Difficulties, and to group-(-4) with respect to Difficulties with Intra-City Rescue Activities; it was identified as having the lowest risk of all the cities investigated. 3. Nagata and Hyogo Wards, in Kobe, were severely damaged during the 1995 Hyogoken-Nambu Earthquake; these wards had the highest risk in the Kobe area, and were identified as having a relatively high potential seismic risk among the cities studied. 4. Kita and Nishi Wards, in Kobe, were slightly damaged by the 1995 Hyogoken-Nambu Earthquake and had the lowest risk in the Kobe area; these wards had a relatively low potential seismic risk among the cities investigated. 5. By considering the observed damage following the 1995 Hyogoken-Nambu Earthquake, it is possible to evaluate the accuracy of the estimated potential seismic risk level for each city by comparison with the estimated results for Kobe.
EARTHQUAKE DISASTER PATTERNS
Disaster Pattern Classification based on Estimated Potential Seismic Risk
Fig . 5 shows the procedure used to classify earthquake disaster patterns based on the potential seismic risk of the cities studied. As shown in the figure, a two-step procedure is used to classify the earthquake disaster pattern:
Step 1, Classification of eight pattern groups: Based on the groupings of potential seismic risk, i.e., R SA , R DB , R F , R RD , D IAR , D IRR , and D BR , to cities in Phases 1 to 4 in Tables 3(a)-(f), two patterns are identified in each phase, HR (high risk) and LR (low risk), as shown in Table 4 . Then, the patterns (HR and LR) in Phases 2 to 4, which follow an event, are combined to give eight pattern groups, PaG[1] through PaG[8], as shown in Fig. 5 .
Step 2, Detailed classification of the eight pattern groups based on cluster analysis: The eight pattern groups (PaG[1] to PaG[8]) determined in the last step are classified in detail based on a hierarchical cluster analysis (Okuno 1971) , as follows: where P2, P3, and P4 represent Phases 2 to 4, respectively.
In the hierarchical cluster analysis, Euclidean distance and Ward's method are used for each cluster, i.e., the city investigated (Okuno 1971) . The two patterns (HR and LR) of Risk of Seismic Activity (Phase 1: before an earthquake) classified in Step 1 are then incorporated in the detailed classification to investigate the seismic activity in each pattern group.
Results of Disaster Pattern Classification
The earthquake disaster patterns of typical Japanese cities, as shown in Fig. 3 , were classified using Steps 1 and 2, as shown in Fig. 5 . Tables 5(a) and 5(b) show the eight pattern groups obtained in Step 1. Fig. 6 shows an example of the detailed classification described in Step 2, which consists of a dendrogram of the PaG[1]-group that was computed using hierarchical cluster analysis with Euclidean distance and Ward's method (Okuno 1971 and SPSS 1996) . A criterion for clustering each investigated city is defined as the standardized distance of clusters (a city, or group of cities). In this study, a distance of 5 was selected to distinguish the eight pattern groups in Table 5 in a detailed classification, based on technical and engineering considerations, as shown in Fig. 6 (PaG[1] ). Tables 6 (a) Fig. 6(b) ). 
Detailed classification of eight pattern groups based on hierarchical cluster analysis [method and distance: ward's method, euclidean distance]
Step 2
Detailed Classification of the eight pattern groups based on cluster analysis
Step 1
Classification of eight pattern groups Fig. 5 Procedure for classifying earthquake disaster pattern groups based on the estimated potential seismic risk Standardized Distance for Cluster Combination Selected distance-5 for clustering in this study Fig. 6 An example of the dendrogram used for the detailed classification of PaG[1]-group 2. The highest risk expected in a city can be determined from the disaster pattern. For example, Risk of Fire (R F ) and Difficulty with Building Reconstruction (D BR ) for Hyogo and Nagata wards, Kobe, which were severely damaged during the 1995 Hyogoken-Nambu earthquake are expected as the highest seismic risk (PaG[8]-4 shown in Fig. 6(b) ). This information can be utilized to identify urgently required earthquake preparedness measures with the highest priority for each city.
CONCLUDING REMARKS
This study proposed a methodology for estimating a city's potential seismic risk. This methodology was based on regional characteristics derived from both macro-information and micro-information.
The methodology was applied to Japanese cities, and its accuracy in assessing the potential seismic risk was determined from a comparison with observed damage resulting from the 1995 Hyogoken-Nambu Earthquake. Based on the estimated potential seismic risk of the cities studied, their earthquake disaster patterns were also investigated. The results can be summarized as follows:
1. The estimated potential seismic risk assessed using the proposed methodology compares reasonably well with actual damage observed in Kobe. 2. The proposed methodology is a useful strategy for identifying cities at high potential seismic risk, and for recommending urgently required earthquake preparedness measures. 3. The earthquake disaster pattern can be practically utilized as basic information necessary for the development of appropriate countermeasures against future earthquakes. 4. For future earthquake preparedness measures, it is recommended that the regional characteristics of a city, or group of cities, be classified and improvements that could reduce their potential seismic risk should be identified.
